ZrB 2 ceramics were prepared by boro/carbothermal reduction, using spark plasma sintering (SPS
INTRODUCTION
Borides, e.g. ZrB 2 [1] , belong to the group of ultrahigh temperature ceramics (UHTCs), together with Hfand Ta-carbides [2, 3] . ZrB 2 has favorable intrinsic characteristics such as high melting point, high hardness, good chemical inertness and high wear resistance [4] , which make it a promising candidate for high-temperature structural applications. Recently, much effort has been devoted to the research of these materials, compared to the very popular and widely used transition metal silicides [5] [6] [7] [8] . These UHTCs materials are potential candidates for thermal protection of materials in both re-entry and hypersonic aerospace vehicles [3, 9] . ZrB 2 exhibits a mass gain kinetics that is affected by diffusion-limited processes in the low temperature regime. The upper temperature limit of this regime depends on factors such as external pressure, oxygen partial pressure and gas flow rate, but is generally assumed to be between 1100 and 1200 °C in static air. Increased heat resistance, studied in the papers [4, 10, 11] , seems to be caused by using ZrB 2 with a specific concentration of SiC. It has been proven [12] that B 2 O 3 begins to evaporate and SiC begins to corrode at temperatures above 1100 °C. Formation of a sub-layer of borosilicate glass on the outside surface of the oxide layer results in a logarithmic time dependence of mass gain [12] . The evaporation of silica at temperatures above 1600 °C leads to a loss of the protection effect of the remaining ZrO 2 layer [13] . Massive oxidation rate, bubble formation and evaporation of silica at temperatures above 2200 °C has been mentioned in earlier work [14] . ZrB 2 can be prepared by boro/carbothermal reaction of ZrO 2 and B 4 C with using graphite [15, 16] or bituminous coal in a graphite crucible, heated under argon atmosphere at temperature 1250 °C for one hour. Another way of ZrB 2 preparation by the boro/carbothermal reaction is via the spark plasma sintering (SPS) technique, as shown elsewhere [17, 18] . The preparation of ZrB 2 by using the SPS technique leads to shorter production process times compared with the two techniques mentioned above. This work is focused on the preparation of ZrB 2 ceramics by boro/carbothermal reaction sintering using SPS equipment.
EXPERIMENTAL
Coarse zirconia/ZrO 2 powder (Russia) with a grain size range 25 -40 μm, B 4 C (Tetra, former ČSSR) with a grain size less than 20 μm and even finer graphite powder have been used as raw materials. All powders were mixed in stoichiometric ratio, according to the reaction (1) below, and mechanically blended. The final powder was compacted by the SPS technique (SPS 10-4, Thermal Technology, USA). Sintering temperatures were chosen in temperature range from 1400 °C to 1800 °C, the heating rate was 100 °C·min -1 and the pressure increase rate was 10 MPa·min -1 up to the final value 70 MPa. All samples were sintered within 15 min after the required sintering temperature was reached. After the 15 min dwell time a cooling rate of 30 °C·min -1 was applied. Sintered samples of cylindrical shape were prepared. Their diameter was 19 mm and height 3 mm. The samples were cut and specimens were prepared for microstructural characterization. The microstructure was observed on the polished section using scanning electron microscopy/SEM (EVO MA 15, Carl Zeiss SMT, Germany) in the backscattered electron mode (SEM-BSE). Porosity was determined by image analysis (IA) applied to optical micrographs (with magnification 500×). Also microhardness was determined by optical microscopy, using a Vickers indenter attached to a Hanemann head. The samples were inserted into standard sample holders for X-ray diffraction/XRD analysis by the so-called side loading procedure in order to minimize the occurrence of preferred orientation. These samples were measured in standard Bragg-Brentano geometry with divergent beam and with the beam knife placed above the samples in order to minimize the effects of air scattering. Since our next aim was to measure the centres of the sintered samples, the irradiated volumes were chosen to be in the middle of the samples cross sections. Therefore, a polycapillary and collimator of 1 mm in diameter were inserted into the primary X-ray beam path, changing the originally divergent character into quasi-parallel. Diffracted CuKα radiation was detected by a 1D LynxEye detector. The used X-ray diffactometer (D8 Discover, Bruker, Germany) was equipped with a laser system and a compact x, y, z stage, facilitating precise positioning of the measured surface.
RESULTS AND DISCUSSION

Densification behavior
The prepared mixture of ZrO 2 , B 4 C and graphite was sintered at temperatures from 1400 °C to 1800 °C (100 °C steps) by the SPS technique. The recorded parameters of the sintering process were: punch position, sintering temperature and pressure, vacuum in the process chamber, sintering time. Two sintering processes (for temperatures 1500 °C and 1800 °C) are shown on Figure 1 and Figure 2 .
The most important parameters for the evaluation of the sintering process are the punch displacement (i.e. the distance between the pressing punches) and the change of the vacuum level. These values indicate the degree of compaction of the sintering powder.
The biggest advantage of SPS is the rapid heating rate and the simultaneously applied pressure on the compacted powder. As ZrB 2 has a relatively low electrical resistivity (30-40 µΩ·cm) [1, 2] , the samples are heated uniformly. The applied pressure brings the sintered particles closer to each other and creates more contact points, enabling faster diffusion. Both effects (rapid heating rate and pressure) result in very short sintering times compared to other sintering techniques. Therefore a relatively short dwell time of 15 minutes was applied in the present work. Figures 3 and 4 show microstructures of the sintered samples prepared at temperatures from 1500 °C and 1800 °C. It is evident that the prepared samples are porous and non-homogenous. The microstructures are rather similar for all samples. The grey particles are ZrB 2 , whereas porosity is black.
Microstructure of polished section
Chemical reactions
The reaction sintering of ZrB 2 ceramic sintered by the boron carbide reduction method [15] corresponds to the reaction:
The standard Gibbs free energy of this reaction is dependent on the temperature according to ΔG = = 1134 -0.668T (where T is the absolute temperature), according to which the energy is equal to zero under atmospheric pressure at 1425 °C [15] . This reaction is the most effective way to prepare pure ZrB 2 because the only products of the reaction are solid ZrB 2 and carbon monoxide. The following reaction (2) takes place under gradual heating at the temperature 1218 °C:
ZrB 2 is formed by reduction of B 4 C via reaction (2), and B 2 O 3 is produced as an undesirable intermediate product [15] . The reaction (1) begins as soon as the temperature 1425 °C is exceeded.
The preparation of porous ceramic ZrB 2 via reaction (2) and removal of the intermediate B 2 O 3 by dissolving has been published [15] .
In SPS, the die-punch assembly is not gas-tight. The pressure was applied to compact the powder, and simultaneously the chamber surrounding the whole SPS setup was evacuated. The SPS technique used for compacting powder was chosen due to the possibility of evacuating the chamber continuously. Thanks to the method the intermediate gaseous CO, released by the reactions (2), is removed from the volume of the consolidated powder and the reaction (1) takes place under lower gas pressure in the chamber.
Exceeding the reaction temperature 1509 °C [15] leads to the reaction of the intermediate B 2 O 3 product according to the following formula:
The products of the reaction are ZrB 2 and carbon monoxide. All the reaction temperatures described above depend on the vacuum level, but also on the type of used graphite, as was described in the work [16] , which deals with the reaction (3).
The kinetics of the reaction is dependent on the ambient pressure once liquid or gaseous products appear in the reactive synthesis. Reaction (3) is carried out in our case at 1433 °C under atmospheric pressure, but it has been described also at 893 °C under reduced pressure of 10 Pa [16] . Experiments in an inert atmosphere under reduced pressure (the exact value of which was not published) have been reported as well [15, 16] . Only one of the papers [15] mentioned an argon flow rate of 2 l min -1 through the sintering chamber. No parameters of the sintering process were described in the papers [15, 16] .
The results of the reactive sintering for selected temperatures (1500 °C and 1800 °C, Figures 1 and 2 ) and factors influencing the production of ZrB 2 by using spark plasma sintering are described below.
The deterioration of the vacuum and the volume increase of the sintering sample at temperatures 450 °C to 500 °C are obvious in Figures 1 and 2 . It is described that the melting point of B 2 O 3 is between 450 °C and 510 °C depending on the structure of B 2 O 3 [16] . Melted B 2 O 3 has a high vapour pressure, which leads to its rapid vaporisation at high temperature [16, 18] . B 2 O 3 might also react with carbon at temperatures above 700 °C. This statement is validated by our experiments as can be seen in Figures 1 and 2 ; it is highly probable that B 2 O 3 evaporates. Other reactions reported in the literature [16] show that the reaction of intermediate B 2 O 3 has a significant role in increasing the yield of ZrB 2 and eliminating the ZrC content [16] . The formation of ZrC starts at 1053 °C and 10 Pa according to the reaction 
It is shown in this experimental study that the intermediate B 2 O 3 has a significant influence on the yield and final purity of ZrB 2 . If B 2 O 3 is completely vaporized at around 500 °C without any donor atoms for boride formation that would have an effect on the yield of reaction 5, B 2 O 3 will be present in the reaction mixture. The fact that no donor atoms for boride formation are present in the reaction mixture influences the yield of reaction 3.
From the calculations of the Gibbs reaction enthalpies based on reaction 2 it can be concluded that below 1400 K ΔG r has a positive value for all reactions and therefore up to that temperature none of the reactions can take place. Above 1400 K all ΔG r values become negative and all reactions started. Based on the calculations ZrB 2 appears most rapidly (and preferentially) according to reaction 4.
XRD phase analyses
XRD patterns with Rietveld refinements are shown in Figures 6 and 7 for samples prepared at 1500 °C and 1800 °C, respectively. Quantitative phase analysis results for all temperatures are listed in Table 1 . The results for samples sintered at 1400 °C show the presence of 52 % ZrB 2 , which is a relatively high yield. Actually, according to reaction 2, ZrB 2 is formed at temperatures as low as 1218 °C, and due to the vacuum the reaction temperature is shifted to the right hand side, favoring formation of the products. The yield of the ZrB 2 reaction ranges from 52 % to 64 % for all sintering temperatures. It was published [15, 16] that for achieving a ZrB 2 content of nearly 100 %, 4 mol. % and even 10 mol. % excess of B 4 C were used. The samples were heated in a graphite die with a graphite punch. The graphite content of about 10 to 14 % originated from the contamination from the graphite foil inserted between die or punch and the powder feedstock. Yuan et al. [18] investigated reaction sintering with 4 mol. % excess of B 4 C sintered at 1250 °C. They achieved almost 100 % of ZrB 2 after 1 hour of sintering. The yield might be increased by combination of B 4 C and graphite addition and sintering in an inert atmosphere of argon -at atmospheric or slightly reduced pressure. According to previous knowledge, the use of vacuum to influence kinetics of the reaction proved to be ineffective because of the volatility of B 2 O 3 , which results in a lower amount of boron (donor atoms) at temperatures above 500 °C.
Porosity
The porosity of the SPS consolidated ZrB 2 samples dropped monotonously from 1.4 % at 1400 °C to 0.3 % at 1800 °C. Simultaneously, the number of pores per mm 2 slightly increased between 1400 °C and 1500 °C, but decreased monotonously to a half of the maximum value for SPS temperatures up to 1800 °C. The content of white zones, Figure 8 , increased from 6 % at 1400 °C to 21 % at 1800 °C.
For porosity measurement we applied image analysis of the light optical micrographs. In both light optical and SEM micrographs, there exist a dark (most probably carbon-rich) phase which is difficult to be properly thresholded and separated from porosity, see Figure 8 . Besides this "phase" the microstructure contains also white "phase" (probably Zr-rich) and finally some grey particles, the composition of which is difficult to estimate. In general we found a certain increase in the area fraction of the white zones with temperature at the cost of grey particles. The number of dark zones (porosity plus C-rich component) per mm 2 decreases linearly from 315 at 1500 °C to 130 at 1800 °C. This indicates better sintering or a higher extent of reaction (or a combination of both factors) at higher temperature.
Microhardness
The microhardness was measured by the Vickers indenter attached at optical microscope lens (Hanemann principle). The mean values over the whole microstructure, measured at 1N load, was typically between 3 and 5 GPa, with a high scatter because of irregular microstructure. The microhardness setup enabled us to distinguish between the light grey particles, and the remaining part of the material as a whole. Individual zones were examined at smaller load to fit the indent within a proper object, see Figure 8 . The islands with other colours were too fine and did not allow a separate indentation with our lowest available load 250 mN. The hardness of the light grey particles was 9.1 ± 0.5 GPa. The dark grey particles were even harder, up to 20 GPa. The average microhardness value of the whole material was only 3.6 ± 0.7 GPa.
In combination with the data in Table 1 we can conclude that the light grey areas are mainly ZrO 2 (nominal microhardness 12.5 GPa, www.matweb.com), whereas the dark grey particles are ZrB 2 (nominal microhardness 20.9 GPa).
CONCLUSIONS
This paper shows how temperature affects the yield of ZrB 2 prepared by SPS reactive sintering. Some reactions are described in this study, especially those where a gas phase is formed and can be detected from the sintering process monitoring, are described in this study. The technological parameters of sintering are discussed in comparison with previously published works, and it was shown that the ZrB 2 phase does not arise from just one reaction, but is accompanied by concurrent and subsequent reactions. At 1500 °C sintering with 15 min of dwell time the reaction yield was only 54 %. The maximum yield of 63 % was achieved at 1800 °C (using the same dwell time). Since a stoichiometric ratio of ZrO 2 and B 4 C was used in this work, the yield of the reaction was lower than in other authors' work [18] , where more then 10 mol. % excess of B 4 C was used.
However, an advantage of our approach is, that despite the presence of carbon (important for boro/ carbothermal reduction according to reaction 3) in the starting composition, not ZrC is produced, but only ZrB 2 . Due to the fact that the applied pressure of 70 MPa was not high enough for complete porosity elimination, this carbon decreased the entire effectiveness of the ZrB 2 synthesis.
